Abstract-
Introduction
The search for new chemosensors for anion detection through hydrogen bonding interaction has been a dynamic research area due to the importance of anions in a broad variety of medicinal, environmental and biological processes. Colorimetric as well fluorimetric chemosensors for anions are appealing approaches in this area since both can offer qualitative and quantitative information. Moreover, the change of color associated to a signalling event detected by naked eye is especially attractive due to the low cost or unnecessary equipment (1).
presence of lead tetraacetate in acetic acid at room temperature (Scheme 1) (6).
Recrystallization of the crude products from diethyl ether/chloroform gave the pure compounds 1-3 in excellent yields (81-95%), which were completely characterised by 1 H and 13 C NMR, IR and HRMS.
In the 1 H NMR spectra in DMSO-d 6 at 25 ºC, the chemical shift of the broad singlet concerning the imidazole NH proton appeared downfield in the range of 12. 86-12.94 ppm indicating high acidity and strong hydrogen-bonding ability for all receptors.
Scheme 1 Table 1 The absorption and emission spectra of imidazo-anthraquinones 1-3 were measured in acetonitrile solution (10 -6 -10 -5 M) ( Table 1) . Compounds 1-3, differing in the heterocycle at position 2 of the imidazole (indole or carbazole), and according to the electronic character of the substituent as well as the position of attachment, displayed maximum wavelength of absorption in the range 448-456 nm.
Receptors 1-2 exhibited negligible relative fluorescence quantum yields (less than 0.001) which were determined using a quinine sulphate solution in sulphuric acid (0.5 M) as standard (Φ F = 0.54 (7)). The maximum wavelength of emission for compounds 1 and 2 were 640 and 650 nm, respectively, with very large Stokes' shifts (188 and 194 nm, respectively). On the other hand, compound 3 was not emissive.
Spectrophotometric and spectrofluorimetric titrations of compounds 1-3
Imidazo-anthraquinones 1-3 were evaluated as chemosensors by spectrophotometric titrations in the presence of halide spherical (F -, Cl -, Br -and I -), linear (OH -, CN -) and the bulky anions (AcO -, BzO -, NO 3 -, ClO 4 -, HSO 4 -and H 2 PO 4 2-) in the form of tetrabutylammonium salts. A preliminary test in the presence of 100 equivalents of the anions revealed that compounds 1-3 responded significantly to the presence of F -and CN -with a distinct colour change from yellow to orange ( Figure 1 ). All compounds were insensitive to the presence of the other anions.
Figure 1
Additionally, the acid-base behaviour of imidazo-anthraquinones 1-3 was also evaluated in the presence of H + and OH -, which presented spectral changes in the ground and excited state, with the exception of compound 3 which was not emissive and therefore only changes in the ground state were observed.
In acidic media all compounds showed a blue shift in the absorption band (Δλ = 30-45 nm), as well as in the emission band (Δλ = 35-45 nm) followed by a quenching in the emission fluorescence of ca. 60%. As an example, the absorption and emission titration of compound 1 with increasing amount of acid is presented in Figure 2 . A blue shift was observed from 450 nm to 415 nm (Δλ= 35 nm), followed by a decrease at 450 nm, and an increase at 415 nm, with the appearance of an isosbestic point at 437 nm. The emission band at 640 nm was blue shifted (Δλ = 35 nm) and quenched. The observed quenching in the fluorescence emission was probably due to the formation of a hydrogen-bond interaction between the protonated nitrogen located in the imidazo unit and the oxygen atom of the carbonyl in the antraquinone chromophore (8) .
Figure 2
In basic media, the contrary effect was observed, in which a red shift in the absorption was detected, as well as an enhancement in the emission intensity. With exception of compound 3, which was not emissive, compounds 1 and 2 showed the same behaviour in the ground and excited states with increasing amount of OH -(see Figure 3 for titration of compound 1). In the absorption spectra, a red shift from 450 to 500 nm was seen with an isosbestic point at 476 nm (Fig. 3A ). An enhancement in the emission intensity of ca. 40 % was seen (Fig. 3B ), which can be attributed to the deprotonation of the imidazo NH suppressing the hydrogen-bond formation.
Figure 3
Detection of anions by the deprotonation of the imidazo NH occurs via hydrogen bonding favoured by the proximity between the carbonyl oxygen from the anthraquinone moiety and the nitrogen of the imidazo.
In the ground state, a similar behaviour was observed for all compounds studied, in the presence of fluoride, as well as, in the excited state for compounds 1 and 2 (9) .
Interaction with fluoride in acetonitrile induced a red shift from 450 nm to 520 nm in the absorption band, with an isosbestic point at 478 nm. On the other hand, in the emission spectra an enhancement of ca. 40 % in the intensity, as well as a red shift of 25 nm was also observed. In Figure 4 is shown the spectrophotometric and spectrofluorimetric titration for compound 1 in the presence of fluoride as representative example.
Figure 4
The addition of cyanide to imidazo-anthraquinones 1-3 resulted only in colorimetric changes and in Figure 5 the spectrophotometric titration of compound 3 in the presence of cyanide is presented as a representative example. 
Figure 6
The association constants were calculated using the HypSpec program (10) from the results obtained in acetonitrile and acetonitrile/H 2 O (97:3, v/v) ( Table 2 ). The best result was obtained for compound 3 due to the higher acidity of hydrogen bond donor NH of the imidazole in carbazole derivative 3 compared to receptors 1 and 2 probably due to the large conjugated imidazo-anthraquinone-carbazole system. The limits of detection (LOD) and quantification (LOQ) at 520 nm were determined in acetonitrile and (Table 3 ) (11). Thus, for compound 3 in acetonitrile, the limit of detection (LOD) was found to be 3.31 µM for CN -and 4.97 µM for F -. Taking into account these results, the limit of quantification (LOQ) for CN -and F -that might be sensed in acetonitrile is ca. 9.68 µM and 13.38 µM, respectively. On the other hand in acetonitrile /H 2 O (97/3, v/v) the LOD for CN -was found to be 3.0 mM. Earlier reports of the limits of detection of the cyanide ion were in the range of mM to µM (3d-n). Table 2   Table 3 2.3.
H NMR titrations
The sensory behaviour observed with the spectrophotometric and spectrofluorimetric titrations was also complemented by performing 1 H NMR titrations in order to gain further insight into the binding mode between the receptor and the anions under study.
Due to the limited solubility of compounds 1-3 in deuterated acetonitrile, the titrations were carried out in DMSO-d 6 for the fluoride anion ( Figure 7 ) and acetone-d 6 for the cyanide anion at room temperature ( Figure 8 ), taking into account the fact that cyanide could exhibit an analogous behaviour to that of fluoride in DMSO solution i.e. an increase in the basicity that could lead to the deprotonation of the imidazole NH (12). In both solvents, the signal of the imidazole NH appearing downfield in the absence of anion suggested high acidity and strong hydrogen-bonding ability. In DMSO-d 6, upon addition of 0.5 equivalents of F -, the NH proton signal of 3 disappeared, suggesting a strong hydrogen bonding interaction between the anion and the imidazole NH. After addition of 1.5 equiv of F -, one triplet signal started to develop at 15.5-16.5 ppm, which became quite prominent after addition of 3.0 equiv of F -.
Appearance of this triplet suggested the formation of HF 2 -ion and thus confirmed the deprotonation of the imidazole NH. This was also supported by the upfield shifts of the H4, H5 (~0.48 ppm) and H4' (~0.21 ppm) protons of the anthraquinone and carbazole nuclei, respectively, due to the increased electron density delocalized on the entire conjugated system. This deprotonation process is also confirmed by titration experiments with tetrabutylammonium salts of fluoride and hydroxide, in which it was possible to see the identical spectral changes (Figures 3 and 4) .
Figure 8
In acetone-d 6 , the signal of the imidazole NH appeared downfield at 12.2 ppm, but it suffered a dramatic shift to 5.7 ppm (Δδ ~ 6.5 ppm) in the presence of cyanide (0.5 equivalents). The same upfield shift trend was seen for all other protons, upon continued addition of cyanide till 3 equivalents. This shielding effect is probably due the formation of the charge transfer complex between the anion and the receptor, resulting in an increase in the electron density in the system. The identity of the NH signal at 5.7 ppm was confirmed by disappearance after addition of D 2 O (Figure 8 ).
Conclusions
Novel indole and carbazole functionalized imidazo-anthraquinones 1-3 were synthesized in good to excellent yields and completely characterised. The photophysical properties of compounds 1-3 were studied by UV-vis and fluorescence spectroscopy and their ability as colorimetric and fluorimetric sensors towards anions was studied in acetonitrile as well as in a mixture of acetonitrile/H 2 O (in a 97:3 proportion). Higher sensitivity and selectivity for cyanide ion was observed in an aqueous solution with straightforward naked-eye detection from yellow to orange and moderate sensitivity with a mM-level detection limit. The binding process was also followed for fluoride and 
General procedure for the synthesis of compounds 1-3 i) Preparation of the imines
The aldehydes (0.20 mmol) and 1,2-diaminoanthraquinone (0.24 mmol) were dissolved separately in ethanol (4 mL/mmol). The ethanolic solution of aldehyde and formic acid (0.04 mL/mmol of aldehyde) was added to the solution of 1,2-diaminoanthraquinone heated at reflux. The reaction mixture was heated under reflux overnight.
ii) Cyclisation of the imines
After cooling, the ethanolic solution was evaporated and the crude imine was dissolved in a small volume of acetic acid (5 mL/mmol of imine). To this solution, lead tetraacetate was added (0.20 mmol) and the mixture was stirred overnight at room temperature. Addition of water to the reaction mixture gave a solid which was isolated by filtration and purified by recrystalization from diethyl ether/chloroform. Table 1 . Yields and UV-visible absorption data for compounds 1-3 in acetonitrile.
2-(5'-methyl-1H-indol-3'-yl)-1H-anthra[1,2-d]imidazole-6,11-dione (2). Red solid (93%). Decomposition at T > 320 ºC. IR (Nujol

2-(9'-ethyl-9H-carbazol-3'-yl)-1H-anthra[1,2-d]imidazole-6,11-dione (3). Red solid (81%
[a] For the NH of imidazo moiety in DMSO-d 6 . [b] For the NH of indole moiety in DMSO-d 6 .
[c] For the NH stretching band. Table 1 . Yields and UV-visible absorption data for compounds 1-3 in acetonitrile.
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